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The coat protein (CP) of geminiviruses is involved in a number of processes during the life cycle of the virus. The
predominant function is encapsidation of single-stranded DNA and formation of the virus particle to protect viral DNA during
transmission. The CP of monopartite geminiviruses is absolutely essential for virus movement, whereas CP mutants of
bipartite geminiviruses are able to infect some host plants systemically, indicating an involvement of the CP in host specificity.
During the life cycle of geminiviruses, the viral DNA enters the nucleus of the infected cell where virus replication,
transcription, and encapsidation occur. For systemic infection, the virus moves cell-to-cell from the site of inoculation to
vascular tissue and via phloem to other plant tissues. To move, viral DNA has to shuttle in and out of the nucleus and through
plasmodesmata. Parts of the bipartite African cassava mosaic virus (ACMV) CP were fused with green fluorescent protein
(GFP) or b-glucuronidase (GUS). CP domains were identified that mediate both nuclear import and export, as well as targeting
of CP-fusion proteins to the cell periphery. These results indicate that domains of the CP facilitate several aspects of
geminivirus movement, including nuclear import and export and transport of the viral genome to the cell periphery. © 2001
Academic Press
t
o
f
p
aINTRODUCTION
Geminiviruses are serious pathogens of diverse crops
that are widely distributed throughout tropical, subtropi-
cal, and, to a more limited extent, temperate regions of
the world. Geminiviruses are small plant viruses with
circular single-stranded DNA (ssDNA) genomes encap-
sidated in twinned (geminate) particles. The family Gemi-
niviridae has been divided into four genera on the basis
of genome organisation, vector transmission, and host
range. Members of the genus Begomovirus infect dicot-
yledonous plants, are whitefly-transmitted, and most
have bipartite genomes (DNAs A and B). DNA A encodes
the coat protein (CP) as well as proteins required for
replication (Rep and REn) and gene regulation (TrAP).
DNA B is essential for disease production but plays no
role in DNA replication. The nuclear shuttle protein (NSP)
and movement protein (MP) encoded by this component
are involved in virus spread throughout the plant, symp-
tom production, and host range (reviewed in Frischmuth,
1999).
Viral DNA must be shuttled into and out of the nucleus
during the infection cycle. In geminiviruses with bipartite
genomes, the DNA B gene product NSP is involved in
this shuttle process (Pascal et al., 1994; Noueiry et al.,
1994; Sanderfoot et al., 1996), whereas MP redirects NSP
1 To whom correspondence and reprint requests should be ad-
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373o the cell periphery and mediates cell-to-cell movement
f viral DNA (Sanderfoot and Lazarowitz, 1995; Sander-
oot et al., 1996; Ward and Lazarowitz, 1999). In mono-
artite viruses these functions are mediated by the CP
nd MP (Liu et al., 1999; Kotlizky et al., 2000).
The CP of geminiviruses is involved in a number of
processes during the life cycle of the virus. The primary
function is the encapsidation of ssDNA and formation of
the virus particle to protect viral DNA during transmis-
sion by the insect vector (Azzam et al., 1994) or mechan-
ical transmission (Frischmuth and Stanley, 1998). The CP
of monopartite geminiviruses is absolutely essential for
viral movement (Boulton et al., 1989; Lazarowitz et al.,
1989; Briddon et al., 1989), whereas the CP of bipartite
geminiviruses is dispensable for systemic infection of
some plant species, indicating an involvement of bego-
movirus CP in host specificity (Stanley and Townsend,
1986; Gardiner et al., 1988; Pooma et al., 1996).
Nuclear import has been demonstrated for CPs of both
monopartite and bipartite geminiviruses (Kunik et al.,
1998; Qin et al., 1998; Kotlizky et al., 2000). For karyophilic
proteins, nuclear import is generally mediated by nuclear
localisation signal (NLS) sequences (reviewed for vi-
ruses in Witthaker and Helenius, 1998). Most NLSs be-
long to one of two groups: (i) the monopartite SV40 large
T antigen NLS (PKKKRKV) motif (Kalderon et al., 1984); or
(ii) the bipartite motif, consisting of two basic regions
separated by a variable number of spacer amino acids,
exemplified by the nucleoplasmin NLS (KRPAATKK-
AGQAKKK) (Robbins et al., 1991). Nuclear export of pro-
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374 UNSELD ET AL.teins is generally mediated by nuclear export signal
(NES) sequences (reviewed for viruses in Whittaker and
Helenius, 1998). Although these NESs are not so well
defined as NLSs, a common motif rich in leucine resi-
dues has been proposed, exemplified by the HIV-1 Rev
molecule (LPPLERLTL) (Fischer et al., 1995).
In the study presented here, we demonstrate that the
CP of the bipartite geminivirus African cassava mosaic
virus (ACMV) (Stanley and Gay, 1983) possesses do-
mains facilitating nuclear import, export, and cell periph-
ery targeting of fused GFP.
RESULTS
Tobacco protoplasts were transfected with cloned
ACMV DNA. Two days postinoculation viral CP was im-
FIG. 1. Subcellular localisation of ACMV CP, GUS, GFP, and their fus
and leaves. (A) ACMV CP was immunolocalised in transfected protop
epidermal cells is shown. Fluorescent images of hypocotyl cells of
luorescent images of N. benthamiana leaves bombarded with pGFP
GFP9:CP100–127 28 h (I) postbombardment, pGFP9:CP14–69/R19A (J),
, and L, and a transfected phloem cell in J.munolocalised predominantly in the nucleus of infected
cells (Fig. 1A). Protoplasts treated only with FITC-labeledantibodies showed a very weak, evenly distributed fluo-
rescence. Nontreated protoplasts did not show fluores-
cence (data not shown).
To further study the nuclear import of the CP, the CP
was cloned as a green fluorescent protein (GFP) or
b-glucuronidase (GUS) fusion protein (Fig. 2). These con-
structs were bombarded onto the two nonhost plant
species Allium cepa and Arabidopsis thaliana, and the
host species Nicotiana benthamiana. As controls pGFP
or pGUS were used. After bombardment of plant tissue
with pGUS, GUS activity was evenly distributed in trans-
formed cells (Fig. 1B), whereas the GUS activity was
localised in the nucleus in pGUS9:CP transformed cells
(Fig. 1C). Nuclear localisation was confirmed by DAPI
staining (data not shown). The same distribution patterns
tobacco protoplasts, onion epidermis, and N. benthamiana seedlings
US distribution of pGUS (B) and pGUS9:CP (C) in transformed onion
nthamiana seedlings transfected with pGFP (D) and pGFP9:CP (E).
(F), pGFP9CP1–200/D3–70 16 h (G), and 28 h (H) postbombardment,
(K), and pGFP9:CP112–127 (L). Epidermis cells are shown in F, G, H, I,ions in
lasts. G
N. be
9:CP1were observed when pGFP and pGFP9:CP were deliv-
ered to plant cells (Figs. 1D and 1E), respectively. When
ne syn
ite is u
375SUBCELLULAR TARGETING OF THE COAT PROTEIN OF ACMVGFP was expressed from pGFP, fluorescence was de-
tected in the cytoplasm and nucleus (Fig. 1D). However,
the GFP fluorescence was exclusively localised to the
nucleus in pGFP9:CP-transformed cells (Fig. 1E). Nuclear
import of GFP9:CP occurred in both host and nonhost
plant species A. thaliana and A. cepa.
GFP fluorescence was evenly distributed in the nu-
cleus, excluding the nucleoli, in pGFP transformed cells
(Fig. 3A), whereas the GFP9:CP fusion protein aggre-
gated within the nucleus (Fig. 3C).
Mutation of the second CP codon into a termination
codon in pGFP9:CP (pGFP9:CP1; Fig. 4) restored a GFP
FIG. 2. Schematic representation of GFP and GUS expression vecto
mosaic virus (CaMV) 35S promoter and nos’ter indicates the nopali
sequences are shown. The recognition sequence of the SstI cloning s
FIG. 3. Subnuclear distribution of GFP (A) and GFP9:CP (B, C). Laser
scanning microscopy images of a pGFP-transformed N. benthamiana
trichome cell (A) and pGFP9:CP-transformed N. benthamiana hypocotyl
cell (B (bright) and C (normal)).distribution comparable to pGFP transformed cells (Fig.
1F), confirming that fusion of the CP to GFP was respon-
sible for the nuclear import of GFP.
Scanning of the CP amino acid sequence revealed
several potential NLS sequences, particularly within the
first 70 amino acids of the CP (Fig. 5). The presence of a
NLS in this region was confirmed by nuclear import of
GFP9:CP1–69 (Fig. 4). This CP domain contains several
basic regions (Fig. 5). We found that none of these basic
regions by itself was able to target GFP to the cell
nucleus (GFP9:CP1–13, GFP9:CP14–47, GFP9:CP14–51,
GFP9:CP27–69; Fig. 4). Within the first 20 amino acids, a
typical bipartite NLS is present (Fig. 5). Fusion of this
region with GFP (GFP9:CP1–26 or GFP9:CP1–40) resulted
in an even distribution of GFP fluorescence similar to
native GFP (Fig. 4). In contrast, when amino acids 14–54
or 14–69 were fused with GFP (GFP9:CP14–54 and GFP9:
CP14–69), nuclear targeting was observed (Fig. 4).
To fine map the NLS sequence, basic amino acids
were exchanged with alanine. After exchange of the
arginines at position 18 and 19 in construct pGFP9:
CP14–69 (pGFP9:CP14–69/R18A and pGFP9:CP14–69/
R19A), residual nuclear targeting was observed, deter-
their fusions with ACMV CP sequence. 35S indicates the cauliflower
thase termination signal. Nucleotide modifications within the vector
nderlined and the position of the BamHI restriction site indicated.rs andmined by reduced fluorescence in the cytoplasm com-
pared to GFP control (Fig. 1J; Fig. 4, N11). Similar
at the
376 UNSELD ET AL.effects were seen after exchange of the arginine at
position 52 in construct pGFP9:CP14–69 (pGFP9:CP14–
69/R52A) and the neighbouring lysine at position 53
(pGFP9:CP14–69/K53A).
Surprisingly, after exchange of basic amino acids at
position 18, 19, 52, and 53 in construct pGFP9:CP1–69,
nuclear targeting of the fusion proteins was observed
(Fig. 4, N111). Deletion of amino acids 16–20 (second
basic region) in pGFP9:CP1–69 resulted in very weak
nuclear targeting of GFP9:CP1–69/D16–20 (Fig. 4, N1).
FIG. 4. Schematic representation of the CP fusion part of GFP9:CP an
import (see Fig. 1E), C indicates GFP-like subcellular distribution (see F
detected in the nucleus (see Fig. 1L), and CW indicates cell periphe
exclusively in the nucleus (see Fig. 1E); N11 indicates strong nuclear
nuclear fluorescence compared to native GFP. CW111 indicates GFP
1I) and CW1 indicates occasional accumulation of fluorescence spotsThis indicates that the first 15 amino acids are able to
substitute for the basic region 16–20 in its function totarget GFP to the nucleus in cooperation with the basic
region 47–53, although in a much reduced manner.
Substitutions of the two basic amino acids at positions
3 and 4 (single mutations as well as double mutation) in
construct pGFP9:CP1–69/D16–20 (pGFP9:CP1–69/K3A/
D16–20, pGFP9:CP1–69/R4A/D16–20, and pGFP9:CP1–
69/K3A/R4A/D16–20) did not alter the targeting behaviour
of the fusion protein (Fig. 4, N1), indicating that these
two amino acids are not essential for the nuclear target-
ing process.
utant constructs, and their subcellular localisation. N indicates nuclear
and 1K), E indicates nuclear export because no GFP fluorescence is
ting (see Figs. 1G, 1H, and 1I). N111 indicates GFP fluorescence
ak cytoplasmic fluorescence (see Fig. 1J), and N1 indicates enhanced
cence exclusively accumulated at the cell periphery (see Figs. 1H and
cell periphery compared to native GFP.d its m
igs. 1D
ry targe
and we
fluoresWhen the N-terminal NLS sequence (amino acids
1–69) was removed (pGFP9:CP1–258/D3–70; Fig. 4), re-
g
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377SUBCELLULAR TARGETING OF THE COAT PROTEIN OF ACMVsidual nuclear targeting of the GFP fusion protein (Fig. 4,
N11) was observed, indicating the presence of a sec-
ond C-terminal NLS. Initially the C-terminal part of the CP
protein was dissected into two fragments, amino acids
71–200 and 201–258 (pGFP9:CP1–200/D3–70 and pGFP9:
CP201–258). GFP fused with the last 58 amino acids
(GFP9:CP201–258) was targeted to the nucleus (Fig. 4,
N111), whereas GFP9:CP1–200/D3–70 exhibited a pe-
culiar behaviour. Four to six hours postbombardment
GFP9:CP1–200/D3–70 was exclusively targeted to the
nucleus. Approximately 16 h postbombardment, bright
fluorescence of the nucleus was still visible but there
was also some fluorescence in the cytoplasm. This flu-
orescence was not distributed as observed in GFP con-
trols (Fig. 1K), but as discrete spots localised in the cell
periphery (Fig. 1G). Twenty to twenty-eight hours post-
bombardment, bright fluorescent spots accumulated in
the cell periphery and no nuclear fluorescence was ob-
served (Fig. 1H). To further define the nuclear export and
cell periphery targeting regions, the C-terminal part of
this CP fragment (amino acids 128–200) was removed.
Expression of GFP9:CP1–127/D3–70 exhibited the same
phenotype as GFP9:CP1–200/D3–70 (Fig. 4). This CP
fragment was split into two halves (pGFP9:CP1–98/D3–70
and pGFP9:CP100–127; Fig. 4). GFP9:CP100–127 exhib-
ited the same phenotype as observed for GFP9:CP1–200/
D3–70 and GFP9:CP1–127/D3–70 (Fig. 4). Four to six
hours postbombardment, the GFP fusion protein was
localised in the nucleus. Approximately 16 h postbom-
bardment, it was present in the nucleus as well as the
cell periphery. At 20–28 h postbombardment, fluores-
cence was detected exclusively at the cell periphery (Fig.
1I). In contrast, GFP9:CP1–98/D3–70 was evenly distrib-
uted in the cell, comparable to the GFP control (Fig. 4).
This indicates that amino acids 100–127 are sufficient to
accomplish nuclear import, nuclear export, and targeting
of GFP to the cell periphery. To separate these three
functions, GFP was fused with amino acids 100–111
FIG. 5. Schematic representation of the ACMV CP. Domains involved
are indicated by shaded boxes. The amino acid sequences of these do
and arginines, implicated in nuclear targeting by this study, are indicate
export of CP fragment 100 to 127 are shown in capital, bold, and unde(pGFP9:CP100–111), 100–119 (pGFP9:CP100–119), and
112–127 (pGFP9:CP112–127) (Fig. 4). GFP9:CP100–111-ex-
5
rpressing cells exhibited a fluorescence distribution com-
parable to GFP control, whereas pGFP9:CP100–119-
transformed cells only accumulated fluorescent spots at
the cell periphery (Fig. 4). The expression of GFP9:
CP112–127 resulted in a weak cytoplasmic fluorescence
20 h after bombardment that was intensified 48 h after
bombardment. However, the distribution of fluorescence
was unlike the GFP control because no nuclear fluores-
cence was visible in most cells (Fig. 1L). Furthermore, in
some cells fluorescent aggregates associated with the
cell periphery were detected (Fig. 4, CW1).
DISCUSSION
The CP of geminiviruses is involved in a number of
processes during the life cycle of the virus. The CP
encapsidates viral ssDNA to form virus particles that
protect viral DNA and mediate insect transmission (Az-
zam et al., 1994, Frischmuth and Stanley, 1998). To en-
capsidate viral DNA, CP must enter the nucleus (Harri-
son, 1985; Abouzid et al., 1988). We have identified three
regions within the CP that mediate nuclear import: one
region is located in the N-terminus; a second is located
in the central part, and a third is in the C-terminus.
The CP was fused to GFP or GUS. In both cases,
nuclear import of the reporter-CP fusion protein was
observed. The reporter-CP fusion proteins were also
imported into the nucleus in nonhost plant species A.
thaliana and A. cepa, suggesting that ACMV CP recruits
eneral plant nuclear import factors. Beside this subcel-
ular distribution of GFP9:CP, we also observed a sub-
uclear distribution of the fusion protein. GFP was evenly
istributed within the nucleus, excluding the nucleoli. In
ontrast, GFP9:CP formed aggregates whereby initially
mall aggregates were observed which eventually fuse
o larger aggregates (Fig. 3).
Scanning of the N-terminus of the CP revealed a po-
ential bipartite NLS within the first 20 amino acids (Fig.
lear targeting (NLS), nuclear export (NES), and cell wall targeting (CW)
and their position within the amino acid sequence are given. Lysines
pital, bold, and italic letters. Leucine residues implicated in the nuclear
letters.in nuc
mains). Fusion of these 20 amino acids with GFP did not
esult in nuclear targeting of GFP. Nuclear import was
entical
acid r
378 UNSELD ET AL.observed only when the fused CP part was extended to
the first 54 amino acids, including a further basic region
(Fig. 5). This is in contrast to tomato yellow leaf curl virus
(TYLCV) CP in which the first 36 amino acids, excluding
the region 48–54 which contains three basic amino acids
(Fig. 6), were sufficient to accomplish nuclear import
(Kunik et al., 1998). For ACMV, nuclear targeting was
accomplished when GFP9:CP14–54 (omitting the first ba-
sic region of the predicted bipartite NLS) was expressed
in cells, whereas expression of the GFP9:CP27–69 did
not result in nuclear targeting. Thus, the second and third
basic regions are essential to target GFP to the nucleus.
This is supported by mutation analyses in both regions
(Fig. 4). Surprisingly, when the first 69 amino acids with
mutations in the second or third basic region (Fig. 5)
were fused with GFP, fluorescence was exclusively
found in the nucleus (Fig. 4). Even deletion of the second
basic region (GFP9:CP1–69D16–20) still resulted in weak
nuclear targeting of the fusion protein. Therefore, we
suggest a tripartite NLS, whereby the third basic region
can alternatively facilitate nuclear import with domain
one or two. Recently, a tripartite NLS has been sug-
gested for L-periaxin (Sherman and Brophy, 2000) and the
transcriptional activator PrnA (Pokorska et al., 2000).
When GFP was fused with a mutated CP in which the
putative tripartite N-terminal NLS was deleted, nuclear
import was observed, although in a reduced manner (Fig.
4, GFP9:CP1–258D3–70). To further determine the loca-
tion of this additional NLS, the C-terminal 58 amino acids
were fused with GFP (GFP9:CP201–258). After bombard-
ment of cells with construct pGFP9:CP201–258, strong
FIG. 6. Alignment of CP sequences of squash leaf curl virus (SqLC
(TYLCV). The numbering is according to TYLCV CP sequence and id
domains are indicated by lines above and below the sequence. Aminonuclear GFP fluorescence was observed, indicating the
presence of a NLS. This is in contrast to TYLCV CP,where no nuclear import has been assigned to this
region (Kunik et al., 1998).
After removal of the tripartite N-terminal and the pre-
dicted monopartite C-terminal NLSs (construct pGFP9:
CP1–200D3–70), a time-dependent subcellular distribu-
tion of GFP fluorescence was observed. Initially (4–6 h),
almost exclusive nuclear localisation was observed.
Later (10 h), some fluorescent spots appeared at the cell
periphery. Eventually (20–28 h), virtually all fluorescence
was translocated to the cell periphery (Fig. 1H). Fine
mapping showed that these functions reside within
amino acids 100–127 (Fig. 5). This CP domain is able to
direct GFP to the nucleus. In the nucleus, sequences
facilitating nuclear export are likely recognised such that
GFP9:CP100–127 is exported from the nucleus and di-
rected to the cell periphery. Nuclear targeting function
also has been assigned to this region of squash leaf curl
virus (SqLCV; amino acids 100–200) (Qin et al., 1998) and
TYLCV (amino acids 36–193) (Kunik et al., 1998) CPs. The
subcellular distribution of GFP fused with amino acids
100–111 of ACMV CP was identical to native GFP,
whereas fusion with amino acids 112–127 resulted in
predominant cytoplasmic distribution, excluding the nu-
cleus (Fig. 4). From these results, we conclude that
almost the whole of CP fragment 100–127 is necessary to
target GFP to the nucleus. Due to the subcellular distri-
bution pattern of GFP9:112–127 (Fig. 4), we predict that
nuclear export sequences reside in this CP fragment.
This interpretation is supported by the prediction of nu-
clear export functions of TYLCV CP in a modified yeast
two-hybrid system (Rhee et al., 2000). Alternatively, ex-
can cassava mosaic virus (ACMV), and tomato yellow leaf curl virus
amino acids are indicated by shaded boxes. In this study identified
egion 48–54 is indicated by a black bar above the sequence.V), Afriport of these GFP9:CP fusion proteins may have resulted
from deletion of nuclear retention signals. Such a mech-
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379SUBCELLULAR TARGETING OF THE COAT PROTEIN OF ACMVanism has been proposed for the nuclear shuttle protein
nucleolin (Schmidt-Zachmann et al., 1993).
The third function of this CP domain (amino acids 100–
119), targeting the GFP fusion proteins to the cell periphery
(Figs. 3G–3I), is novel. The distribution pattern of the GFP
fusion proteins at the cell periphery is similar to that of
tobacco mosaic virus (TMV) GFP movement protein fusions
(GFP:MP). Since the TMV GFP:MP was localised to the
plasmodesmata (Heinlein et al., 1995; Epel et al., 1996;
Oparka et al., 1997), we suggest that GFP fusion proteins
GFP9:CP100–119, GFP9:CP100–127, etc. may also be asso-
ciated with plasmodesmata. In contrast to TMV GFP:MP, no
cell-to-cell movement of GFP9:CP100–119, GFP9:CP100–127,
etc. was observed. The reason for this deficiency in cell-to-
cell movement might be due to a missing domain required
for the translocation of fusion proteins to adjacent cells or
alternatively other viral proteins.
Fusions of ACMV CP fragments with GFP have re-
vealed a domain structure with multiple functions. We
have identified three domains with the ability to direct
GFP to the nucleus. This accumulation of NLS se-
quences might be explained by different functions of the
CP during the life cycle of geminiviruses. The viral ge-
nome has to be transported into the nucleus after insect
transmission to plants. If we assume that virus particles
enter phloem cells, the CP might be the mediator for the
transport of the viral genome to the nucleus. This hypoth-
esis is supported by the observation that Cy3.5-labeled
ACMV particles are localised around the nucleus in per-
meabilised tobacco protoplasts (T. Merkle, University of
Freiburg, personal communication). The geminivirus ge-
nome is replicated and transcribed in the nucleus of
infected cells (for review see Lazarowitz, 1992). The CP
transcript is translated in the cytoplasm, thus CP must
enter the nucleus to encapsidate viral DNA (for review
see Harrison, 1985). These different steps might be fa-
cilitated by one or more of the characterised NLSs. As
binding activity of the SqLCV CP to viral DNA mapped to
the N-terminal amino acids 1–121 (Qin et al., 1998), DNA
binding may mask the N-terminal NLS. Furthermore, pro-
tein conformation, protein–protein interaction, and post-
translational modification of the CP could be involved in
utilising one or the other NLS for nuclear import. Phos-
phorylation of the abutilon mosaic virus (AbMV) CP has
been demonstrated in the heterologous organism Esch-
erichia coli (Wege and Jeske, 1998), indicating possible
involvement in functional regulation of the CP.
The ACMV CP contains domains facilitating nuclear
import, nuclear export, and cell periphery targeting. From
these data we suggest that the CP is involved in various
steps in the life cycle of geminiviruses, including support
of nuclear import and export as well as cell-to-cell move-
ment of viral genomes. This suggestion is supported by
several observations: (i) For systemic infection of plants,
the CP of monopartite viruses is absolutely necessary
(Boulton et al., 1989; Lazarowitz et al., 1989; Briddon et
p
ial., 1989). (ii) Nuclear import of CP has been demon-
strated for monopartite as well as bipartite geminiviruses
(Kunik et al., 1998; Qin et al., 1998; Kotlizky et al., 2000).
(iii) Experiments indicate a nuclear export function for the
CPs of monopartite geminiviruses maize streak virus
(MSV) (Kotlizky et al., 2000) and TYLCV (Rhee et al.,
2000). (iv) For a number of bipartite geminiviruses, symp-
tomless systemic movement of DNA A has been ob-
served (Klinkenberg and Stanley, 1990; Evans and Jeske,
1993; Unseld et al., 2000) and for the TYLCV strain from
Thailand it has been demonstrated that the DNA B mod-
ulates symptom severity but is not essential for viral
movement (Rochester et al., 1990). (v) Mutations in the
CP gene of bipartite geminiviruses result in delayed
symptom development (Gardiner et al., 1988; Rochester
et al., 1994). (vi) The CP can functionally substitute for
mutations in the NSP of DNA B (Qin et al., 1998).
If most movement functions can be accomplished by the
CP, the question remains why monopartite as well as bi-
partite geminiviruses encode other proteins involved in
virus movement. Perhaps the role of other movement pro-
teins is to enhance infectivity and broaden the host range of
viruses. In the evolution of geminiviruses, initially, move-
ment might have been facilitated by the CP. Later, acquisi-
tion of proteins involved, for example, in movement of plant
mRNAs (Lucas et al., 1995; Kuhn et al., 1997) by recombi-
nation with the host genome may have supplanted move-
ment functions of the CP. The ACMV CP may have retained
all potential functions for viral movement because of over-
lapping functional domains, e.g., for viral DNA binding,
nuclear import of the CP, virus particle formation, etc. In
other begomoviruses all these functions have been as-
signed to CP domains in close proximity to the NLSs, NES,
and cell periphery targeting sequences characterised here
(Kunik et al., 1998; Qin et al., 1998, Noris et al., 1998).
MATERIALS AND METHODS
Immunolocalisation of viral coat protein in protoplasts
Nicotiana tabacum cv. Samsun protoplasts were trans-
formed with ACMV as previously described (von Arnim et
al., 1993). Two days postinoculation, protoplasts were
precipitated onto polylysine-coated slides, fixed for 20
min in 96% ethanol, and incubated for 5 min in phos-
phate-buffered saline (PBS; 150 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, 8 mM Na2HPO4, pH 7.4). Slides were
retreated for 45 min with 5% BSA in PBS and subse-
uently treated for 2 h with polyclonal antibodies raised
gainst ACMV particles (von Arnim et al., 1993), diluted
:500 in PBS containing 1% BSA. Excess antibodies were
emoved by three successive washes in PBS. Slides
ere incubated for 1 h with FITC-labeled anti-rabbit an-
iserum, diluted 1:100 in PBS containing 1% BSA, and
ubsequently washed three times with PBS. As controls,
rotoplasts were treated with the FITC-labeled antibod-
es or without antibodies. Stained protoplasts were em-
2
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380 UNSELD ET AL.bedded in 10% Mowiol and examined under a fluores-
cence microscope (Zeiss).
Construction of GFP and GUS expression vectors
GFP and GUS were used as reporters to assay sub-
cellular localisation of ACMV CP. Both reporter genes
were expressed under the control of the cauliflower
mosaic virus 35S promoter (Fig. 2). To express the ACMV
CP and mutants as fusion proteins, both reporter genes
were modified at the C-terminus. The pGFP vector
(mgfp4) (Haseloff et al., 1997; Fig. 2) was modified, using
T
Primers Used for Cloning and Verification
Primer Sequencea
GFP-forc 59-ATT ACC TGT CCA CAC AAT CTG-39
40 forwardc 59-AGG GTT TTC CCA GTC ACG ACG TT-39
acIpUC-for 59-CTA TAG AAA TAA GAG CTC-39
SacIpUC-rev 59-GCA GAG CTC TTC ATC CAT GCC ATG T
gus-for 59-ACG GGA TCC AAG GAG ATA TAA CAA T
gus2-rev 59-GCA GAG CTC TTG TTT GCC TCC CTG C
SacIAV1-for 59-ACG GAG CTC ATG TCG AAG CGA CCA
SacIAV1-rev 59-GCA GAG CTC TTA ATT GCC AAT ACT G
AV1-for-EcoRI 59-ACA CAT Gaa tTc GAT GAA GAG CTC-39
ACMVdel1a 59-CTG AAC TTC GAC AGC CCA-39
ACMVdel1b 59-GGA TCC TGG AGT GGA AAT-39
ACMVdel1c 59-GAA GGC CCA TGT AAG GTC CA-39
GFP-cpdel-for 59-TAA GAG CTC GAA TTT CCC CG-39
GFPcp-1-for 59-ATA TCA TCA TTT CCA CTC CAG-39
GFPcp-1-rev 59-CTC CTG GTC GCT TCt ACA TG-39
gfp-cp-d13-rev 59-ACG AAC CTT GGA TCa TGG AG-39
gfp-cp-d26-rev 59-GTA GCA CGG TTC CTc TAT GG-39
gfp-cp-d40-rev 59-AGG CCC GTT TTC aAT TTG TG-39
gfp-cp-d69-rev 59-CCT TAC ATG GGC CTT aAC AG-39
AV1.14-for 59-ACG GAG CTC GGA TCC AAG GTT CGT C
AV1.27-for 59-ACG GAG CTC TAC AGG AAC CGT GCT
AV1.69-rev 59-GCA GAG CTC TTA ACA GCC CCT AGG T
AV1varb 59-CAG GAG CTC CTA GGG CTT TCT GTA C
AV1varc 59-CAG GAG CTC CTA GTT CAC CCA GGC
AV1mut1 59-CAG GAG CTC GGA TCC AAG GTT gcG C
AV1-2-rev 59-CGA CAT GAG CTC TTC ATC-39
AV1-R19A-for 59-AAG GTT CGT gcA AGA CTG AA-39
AV1-AS47-rev 59-GTT CAC CCA GGC CCG TTT TCG-39
AV1-R52A-for 59-AGG CCC ATG TAC gcA AAG CCC ACG-3
AV1-K53A-for 59-AGG CCC ATG TAC AGA gcG CCC ACG-3
AV1-AS98-stop-rev 59-GCA GAG CTC TTA ACG CGT CAC ATC A
AV1-C111-stop-rev 59-GCA GAG CTC TTA ACA AAA CCT CTT T
AV1-I112-for 59-GCA GAG CTC ATC AAG TCC ATT TAC A
AV1-G119-stop-rev 59-GCA GAG CTC TTA ACC AAG AAT GTA A
AV1-AS201-for 59-CAG GAG CTC GTG AAA AGG TTT TAC A
GFP-AV100 59-ATC GAG CTC CCT GGG CTG ACA CAC
GFP-AV127 59-ATC GAG CTC TTA AAT AGT TTC ATC CA
GFPAV151 59-ATC GAG CTC CTA GGG Cgc TCT GTC C
GFP-AV200 59-ATC GAG CTC TTA CAA CGC CTG CTC C
a Restriction sites used for cloning are underlined, stop codons are
b gfp, gus: numbering starts at start codon; ACMV A: numbering acc
c Sequencing primer.primers SacIpUC-for and SacIpUC-rev (Table 1) for poly-
merase chain reaction (PCR) amplification, followed bydigestion with SstI and relegation (pGFP9; Fig. 2). To
remove the stop codon of the GUS gene and introduce
an SstI restriction site, the GUS gene was amplified with
primers gus-for and gus2-rev (Table 1) and cloned as a
BamHI/SstI fragment into construct pGFP, substituting
the GFP gene (pGUS9, Fig. 2). The CP gene or its mutants
were introduced as SstI fragments, allowing expression
as GUS or GFP fusion proteins.
Cloning of GFP and GUS coat protein fusion
constructs
and GFP Coat Protein Fusion Constructs
Locationb
gfp nt. 596-616
pUC
gfp nt. 706-717
T-39 gfp nt. 705-685
C GTC CTG TAG AAA C-39 gus nt. 1-20
-39 gus nt. 1787-1806
AT-39 ACMV A nt. 446-466
-39 ACMV A nt. 1222-1202
gfp nt. 688-705
ACMV A nt. 506-523
ACMV A nt. 491-473
ACMV A nt. 653-672
nos9 ter
ACMV A nt. 465-485
ACMV A nt. 464-446
ACMV A nt. 499-480
ACMV A nt. 540-521
ACMV A nt. 578-559
ACMV A nt. 668-649
A-39 ACMV A nt. 485-505
C-39 ACMV A nt. 524-544
C-39 ACMV A nt. 652-635
G CC-39 ACMV A nt. 607-588
T TC-39 ACMV A nt. 586-567
A CTG-39 ACMV A nt. 485-508
ACMV A nt. 451-446/gfp nt. 705-700
ACMV A nt. 491-510
ACMV A nt. 586-566
ACMV A nt. 587-610
ACMV A nt. 587-610
T C-39 ACMV A nt. 739-721
C-39 ACMV A nt. 778-761
-39 ACMV A nt. 779-799
A-39 ACMV A nt. 802-785
G-39 ACMV A nt. 1046-1066
T-39 ACMV A nt. 743-762
G-39 ACMV A nt. 826-808
G CC-39 ACMV A nt. 607-588
T GC-39 ACMV A nt. 1045-1026
in italics, mutated nucleotides are indicated by lower case letters.
to Stanley and Gay, 1983.ABLE 1
of GUS
GT AA
GT TA
TG CG
GGA G
TC ATA
GA AG
ACT GC
AT GT
AT GG
CCG TT
GA AG
9
9
CT AA
CC GA
TT CTT
AT GG
GG TT
AGG G
G CCA
AT GG
TT CA
shownIn the initial studies, both reporter genes were in-
volved. In later studies, only GFP was fused with ACMV
1
c
a
t
t
o
b
n
p
b
d
a
p
p
p
p
p
p
p
p
p
p
p
p
p
e
(Fig. 2
381SUBCELLULAR TARGETING OF THE COAT PROTEIN OF ACMVCP mutants. The CP gene was amplified from construct
pCLV1.3A (Klinkenberg et al., 1989) with primers
SacIAV1for and SacIAV1rev (Table 1) and cloned into
pGUS9 and pGFP9 as a SstI fragment (pGFP9:CP and
pGUS9:CP, Fig. 2).
The production of all GFP9:CP mutants is described in
Table 2 and shown schematically in Fig. 4. When single
amino acids were altered, the position given is according
to the numbering of the CP amino acid sequence. The
nucleotide integrity of all constructs was confirmed by
automatic sequence analysis with the Li-Cor system
according to the manufacturer’s instructions with IRD
labeled primers (MWG AG; Table 1).
Particle bombardment and subcellular localisation of
the coat protein
T
Cloning of
GFP9:CP mutant
pGFP9:CP1 PCRa; primers GFPcp-1-for a
pGFP9:CP1-13 PCRa; primers gfp-cpdel-for
pGFP9:CP1-26 PCRa; primers gfp-cpdel-for
pGFP9:CP1-40 PCRa; primers gfp-cpdel-for
pGFP9:CP1-69 PCRa; primers gfp-cpdel-for
pGFP9:CP14-47 PCRb; primers AV1.14-for an
GFP9:CP14-51 PCRb; primers AV1.14-for an
GFP9:CP14-54 PCRb; primers AV1.14-for an
GFP9:CP14-69 PCRb; primers AV1.14-for an
GFP9:CP27-69 PCRb; primers AV1.27-for an
GFP9:CP14-69/R18A PCRb; primers AV1mut1 and
GFP9:CP14-69/R19A BamHI fragment of GFP9:CP
pGFP9:CP14-69/R52A PCRa; primers AV1-R52A-for
pGFP9:CP14-69/K53A BamHI fragment of GFP9:CP
pGFP9:CP1-69/R18A BamHI fragment of GFP9:CP
pGFP9:CP1-69/R19A PCRa; primers AV1-R19A-for
pGFP9:CP1-69/R52A PCRa; primers AV1-R52A-for
pGFP9:CP1-69/K53A PCRa; primers AV1-K53A-for
pGFP9:CP1-69/D16-20 PCRa; primers ACMVdel1a a
pGFP9:CP1-69/K3A/D16-20 BamHI fragment of GFP9:CP
pGFP9:CP1-69/R4A/D16-20 BamHI fragment of GFP9:CP
pGFP9:CP1-69/K3A/R4A/D16-20 BamHI fragment of GFP9:CP
pGFP9:CP1-98/D3-70 PCRb; primers AV1-for-EcoR
GFP9:CP1-127/D3-70 PCRb; primers AV1-for-EcoR
GFP9:CP1-200/D3-70 PCRb; primers AV1-for-EcoR
GFP9:CP1-258/D3-70 PCRa; primers ACMVdel1c a
pGFP9:CP100-111 PCRb; primers GFP-AV100 a
GFP9:CP100-119 PCRb; primers GFP-AV100 a
GFP9:CP100-127 PCRb; primers GFP-AV100 a
GFP9:CP112-127 PCRb; primers AV1-I112-for
GFP9:CP201-258 PCRb; primers AV1-AS201-fo
a Amplification of plasmid pGFP9:CP (unless stated otherwise) with th
nzyme and phosphorylation of 59-ends with polynucleotide kinase.
b Amplification of plasmid pGFP9:CP (unless stated otherwise) with
of the SstI digested PCR product in pGFP9 (SstI).
c For exchange of restriction fragments a BamHI site upstream of gfp
used.For particle bombardment (Bio-Rad, Biolistic PDS-
1000/He System), plasmid DNA was bound to gold par-
Zticles of 1.0 mm diameter. Gold particles (60 mg) were
incubated for 10 min in 70% ethanol, washed three times
with water, and resuspended in 1 ml of 50% (v/v) glycerol.
Aliquots (50 ml) of this gold suspension were mixed with
0 mg DNA, 8 mM spermidine, and 1.0 M CaCl2 (final
oncentrations) and incubated for 3 min at room temper-
ture. After two washes with 70% ethanol, the gold par-
icles were suspended in 72 ml 98% ethanol and 6 ml of
his solution was placed onto a macrocarrier. Seedlings
f N. benthamiana (5 days after germination) were bom-
arded at 900 psi, leaves of N. benthamiana and the
onhost A. thaliana were bombarded at 900 psi, and
ieces of A. cepa were bombarded at 1100 psi. Bom-
arded plant material was maintained up to 4 days in a
amp environment. GFP expression was monitored with
fluorescence microscope using filter 02 or 09 from
P Mutants
Cloning strategy
Pcp-1-rev
-cp-d13-rev
-cp-d26-rev
-cp-d40-rev
-cp-d69-rev
arc
V151
arb
69-rev
69-rev
-rev
n GFP9:CP1-69/R19A (BamHI)c
V1-AS47-rev; template DNA pGFP9:CP14-69
n GFP9:CP1-69/K53A (BamHI)
9:CP14-69/R18A (BamHI)
CMVdel1b; template DNA pGFP9:CP1-69
V1-AS47-rev; template DNA pGFP9:CP1-69
1-AS47-rev; template DNA pGFP9:CP1-69
MVdel1b; template DNA pGFP9:CP1-69
GFP9:CP1-69/D16-20 (BamHI)
GFP9:CP1-69/D16-20 (BamHI)
A/R4A in GFP9:CP (BamHI)
V1-AS98-stop-rev; template DNA pGFP9:CP1-127/D3-70
CMVdel1c; template DNA pGFP9:CP1-258/D3-70
FP-AV200; template DNA pGFP9:CP1-258/D3-70
-2-rev; spontaneous in-frame deletion of three additional nucleotides
-C111-stop-rev
-G119-stop-rev
-AV127; template DNA pGFP9:CP1-127/D3-70
P-AV127
acIAV1rev
n pair of primers; religation of the PCR product after fill-in with Klenow
n pair of primers; fill-in of the amplicon with Klenow enzyme; cloning
) and a BamHI site located in the CP gene (ACMV A nt. 485-490) wereABLE 2
GFP9:C
nd GF
and gfp
and gfp
and gfp
and gfp
d AV1v
d GFPA
d AV1v
d AV1.
d AV1.
AV1.69
14-54 i
and A
14-54 i
in GFP
and A
and A
and AV
nd AC
/K3A in
/R4A in
1-69/K3
I and A
I and A
I and G
nd AV1
nd AV1
nd AV1
nd GFP
and GF
r and S
e give
the giveeiss.
A colorimetric X-gluc assay was used to localise GUS
382 UNSELD ET AL.expression. The epidermal cell layers of bombarded on-
ions were removed and fixed in 1.5% formaldehyde,
0.05% Triton X-100 in 50mM phosphate buffer pH 7.0 for
30 min at room temperature, washed four times in 50 mM
phosphate buffer pH 7.0 (10–15 min), and transferred in
X-gluc solution (0.5 mM X-gluc, 50 mM phosphate buffer
pH 7.0, 1 mM potassium ferricyanide, 1 mM potassium
ferrocyanide, 0.1% Triton X-100). Plant tissue was sur-
veyed until cells developed blue stain. The subcellular
localisation of GUS was determined by bright field mi-
croscopy. The cellular localisation of the nucleus was
confirmed by 49,6-diamidino-2-phenylindole (DAPI) dye.
GUS-stained onion scales were incubated for 5 to 10 min
in 1 mg/ml DAPI and the subcellular localisation of the
nucleus determined by fluorescence microscopy using
filter AA:F31-000 from Analysentechnik/Tu¨bingen.
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